Scanning tunneling spectroscopy measurements on the high temperature superconductor Bi2Sr2CaCu2O 8+δ have reported an enhanced spectral gap in the neighborhood of O dopant atoms. We calculate, within density functional theory (DFT), the change in electronic structure due to such a dopant. We then construct and discuss the validity of several tight binding (TB) fits to the DFT bands with and without an O dopant. With the doping-modulated TB parameters, we finally evaluate the spin susceptibility and pairing interaction within spin fluctuation theory. The d-wave pairing eigenvalues are enhanced above the pure system without O dopant, supporting the picture of enhanced local pairing around such a defect.
INTRODUCTION
With the observation in scanning tunneling spectroscopy (STS) measurements on high-T c Bi-based cuprate superconductors 1 that the oxygen dopant position and the size of the superconducting gap are correlated, it has become evident that dopant atoms may influence superconductivity beyond their roles as sources of mobile charge and scattering centers. Subsequently, Nunner et al. 2 showed that many STS observations can be explained if one assumes that dopants locally enhance the pairing interaction. It is clearly desirable to further justify the proposal of Ref. 2 by identifying the microscopic mechanism responsible for the local pairing interaction enhancement. Such a step would fulfill a longstanding goal of allowing the systematic study of the pairing interaction itself by the measurement and modelling of the effects which modulate it.
If we accept the dominance of a magnetically driven pairing mechanism in the cuprates, the pairing enhancement is a result of the local increase in the spin fluctuation exchange interaction in the vicinity of a dopant, which can occur due to the dopant-induced local structural modifications. Whether the structural and the corresponding local electronic structure modifications can indeed enhance the local superexchange coupling has been a subject of several recent studies [3] [4] [5] . The problem is typically treated by calculating the local exchange coupling constants of the t-J model, the large-U limit of the Hubbard model, with the assumption that the local parameters of the latter (the on-site energy µ and the hopping integrals t) are modified due to the presence of a dopant. In Ref. 5 , by means of the Rayleigh-Schrödinger perturbation expansion it was shown for the three-band Hubbard model that the exchange coupling is enhanced only in a certain region of the Hubbard model parameters phase diagram. Unfortunately, recent numerical estimates of the parameter values of the Hubbard model with an impurity based on electrostatic calculations 4 place the dopant-induced variation in the region of the phase diagram where exchange gets suppressed. Though discouraging at first glance, it is clear that this general approach contains many oversimplifications of the true electronic structure. In addition, the full pairing interaction, while related to the exchange coupling J, can be influenced also by dynamical spin fluctuation processes. 6 We have therefore been stimulated to investigate further the dopant-induced effects on the local pairing with the goal of improving the model by a refinement of the approximations. For instance, besides considering the variation of the atomic on-site energies (which was assumed in Ref. 3 and 5 to be the only effect due to a dopant) one can allow for the variation of hopping integrals near the dopant as well. One can furthermore go beyond the electrostatic considerations in calculating the inhomogeneous Hubbard model parameters in order to place more accurately the exchange coupling variations in the parameter phase diagram by employing ab initio calculations. Finally, one can directly calculate the dynamical pairing interaction within weak coupling spin fluctuation theory. These are the aims of the present work.
In this paper, we perform DFT calculations for Bi 2 Sr 2 CaCu 2 O 8+δ and explore the possibility of extracting out of the electronic structure reliable effective Cu-Cu hopping integrals t and on-site energies µ as a function of oxygen doping. In general, DFT calculations of the electronic structure near the Fermi surface (FS) of cuprate materials are not considered reliable due to strong correlation effects, but it has been argued that changes in electronic structure induced by high energy impurity states are much less sensitive. These effective parameters are further considered in the Hubbard model calculations of the spin susceptibility and superconducting gap function, and key changes in these functions are observed which support the importance of the effect of the oxygen dopants on the pair correlations in these materials.
The evaluation of the hopping integrals and on-site energies of the Hubbard model is performed by mapping the eigenvalues of the corresponding non-interacting tight-binding Hamiltonian to the valence bands of Bi 2 Sr 2 CaCu 2 O 8+δ as a function of oxygen doping. Although Bi 2 Sr 2 CaCu 2 O 8+δ is more accurately described by the three-band model 5 , here we consider a single-band TB Hamiltonian, with the single active orbital being the Cu 3d x 2 −y 2 orbital at the Fermi level as the simplest case for the proposed approach. In fact, recent studies showed that the one-band Hubbard model suffices to describe the important features of the low-energy physics in the cuprates 7 . We find that the accuracy of the dopantinduced TB Hamiltonian parametrization suffers from two sources of uncertainty, which are (i) the presence of effective far Cu neighbor interactions in the homogeneous model (undoped case) allowing for many alternative parameter sets and (ii) the need to reduce the enormous number of adjustable parameters of the dopant-induced TB model in order to perform the numerical optimization. In view of these considerations we present two alternative TB models and discuss their validity in terms of physical arguments.
II. ELECTRONIC STRUCTURE CALCULATIONS
The electronic structure calculations for the parent compound Bi 2 Sr 2 CaCu 2 O 8 were performed with the reference crystal structure reported in Ref. 8 . Bi 2 Sr 2 CaCu 2 O 8 crystallizes in the space group I4/mmm, with a unit cell which we consider in the tetragonal symmetry (see Ref. 9 for the discussion on the structural supermodulation in Bi 2 Sr 2 CaCu 2 O 8 ), consisting of two identical slabs of atoms, one shifted with respect to the other by a vector (a/2, a/2, c/2), where a and c are the lattice parameters of a tetragonal unit cell. Oxygen doping of this system was modeled by introducing one extra interstitial oxygen atom into a surface supercell consisting of eight primitive unit cells in the xy plane. We consider the surface supercell in order to reproduce the conditions of a typical STM experiment on an O-doped Bi 2 Sr 2 CaCu 2 O 8+δ surface. The electronic structure calculations in the present work were performed with the linearized-augmented-plane-wave (LAPW) basis, as implemented in Wien2k
10 . The exchange and correlation effects were treated within the generalized gradient approximation (GGA) as implemented by Perdew, Burke and Ernzerhof 11 . Additional details of the electronic structure calculations are given in Appendix A.
In Fig. 1 (a Fig. 1 (b) . At the X = (π, 0, 0) point the Cu 3d x 2 −y 2 bands show a strong overlap with the Bi-O bands near the Fermi level, and at the Γ = (0, 0, 0) point there is strong hybridization between the Cu 3d x 2 −y 2 and some of the lower-lying O 2p and Cu 3d bands. Fig. 1 (c) Because the Brillouin zones of the parent compound and of the doped supercell are defined differently, it is not straightforward to compare their bandstructures. In order to make such a comparison, we recalculate the electronic structure of the parent compound in the folded Brillouin zone. Once this is done, small but traceable changes in the shape of the Cu 3d x 2 −y 2 bands as a function of oxygen doping become apparent as will be shown in the next sections. We will dedicate the rest of the paper to the quantitative evaluation of these changes in terms of hopping integrals of a single-band tight-binding Hamiltonian as well as calculations of the spin susceptibility and superconducting pair function.
III. SINGLE-BAND TIGHT-BINDING MODEL A. Parent compound
A standard procedure to analyze the low-energy bandstructure features of solid state systems is the tightbinding (TB) parametrization 13, 14 . Since the symmetry of the parent compound Bi 2 Sr 2 CaCu 2 O 8 unit cell is I4/mmm and the number of distinct hopping integrals (adjustable parameters) is small, the TB parametrization in this case is straightforward and has been already performed in previous studies 12, 15 . The complexity of the problem is dramatically increased when trying to obtain the TB parameters for the doped supercell bands shown in Fig. 1 (c) : first, because the number of bands to be mapped increases by a factor of 8, which means that, in order to optimize the TB parameters, a global minimum of a complex mathematical function expressed by a 16 × 16 matrix needs to be found; second, because the number of distinct hopping integrals is expected to rise considerably as we increase the size of the unit cell and lower its symmetry. Our strategy to overcome these complications is to use the hopping integrals obtained for the parent compound Cu 3d x 2 −y 2 bands as starting values for parametrizing the doped supercell bands. An important point to consider is that the differences between the Cu 3d x 2 −y 2 bands of the parent and doped compounds are small, which is reasonable since we do not expect the interstitial oxygen to have a drastic effect on the orbital overlap of its neighboring Cu atoms. Therefore, the TB parameters for the Cu 3d x 2 −y 2 bands in the parent and doped compounds must be obtained with a fitting error smaller than the dopant-induced differences in the bandstructure, i.e., the quality of both TB mappings must be particularly high. For this reason we consider the antibonding Cu 3d x 2 −y 2 bands over the entire energy range over which they disperse. We find that, in order to accurately reproduce the DFT Cu 3d x 2 −y 2 bands of the parent compound [ Fig. 1 (a) ], up to 13 Cu-Cu neighbors have to be included in the model TB Hamiltonian. We should note, however, that among these various hopping integrals, those representing hybridizations between the far neighbors are only effective parameters; we are forced to include them in the singleband model in order to describe those features of the Cu 3d x 2 −y 2 bands that stem from the interaction of the Cu 3d x 2 −y 2 orbital with other Cu 3d orbitals and the O 2p orbitals. For example, near Γ = (0, 0, 0) the Cu 3d x 2 −y 2 bands are anomalously flat and show an k ∝ k 4 behavior 15 , where k is the momentum in the Brillouin zone. In order to reproduce this feature, inclusion of higher harmonics are required in the model equations.
The long range effective hoppings which arise from the mapping of the complex band structure over a ∼ 5 eV range onto a single band model are found to be much smaller than the short range hoppings, e. g., t 100 and t 110 . This strongly suggests that it will be difficult to identify a unique parameter set. Alternative single-band models can exist corresponding to different choices of effective hopping paths. We therefore discuss two possible sets of single-band TB Hamiltonian parameters (presented in Tables I and II of Appendix B) to give a sense of how robust the TB models can be. Details of the construction of these models are found in the Appendix. Both sets are indeed found to describe the Cu 3d x 2 −y 2 bands in the parent compound equally well. In the following we will adopt the notation
• TB1: 12 hopping parameters, 6 effective interlayer hoppings -TB1 undoped : Undoped parent compound.
-TB1 loc. doped : TB parameters are taken to vary in the vicinity of O dopant.
• TB2: 13 hopping parameters, 4 effective interlayer hoppings -TB2 undoped : Undoped parent compound.
-TB2 hom. doped : Fit is obtained with homogeneous TB parameters over the entire supercell.
A discussion of the tight-binding parameters describing the O-doped system will be the subject of the next Subsection. In Fig. 2 (a) the TB1 undoped Hamiltonian spectrum in the full Brillouin zone is compared to the DFT bands of the parent compound. In Fig. 2 (b) , the spectrum of the TB1 undoped Hamiltonian is replotted in the folded Brillouin zone and compared with the Cu 3d x 2 −y 2 bands of the doped supercell. The slight differences between the shape of the doped supercell DFT bands and of the TB bands of the parent compound are due to the presence of the interstitial oxygen, which displaces the neighboring Cu atoms and thus modifies their corresponding overlap integrals. It is possible to quantify these effects by fine-tuning the parameters of the TB Hamiltonian such that the supercell bands are reproduced, as we will show below. In Fig. 3 (a) , we now show the corresponding TB2 undoped Hamiltonian spectrum in the full Brillouin zone in comparison to the DFT bands of the parent compound. In Fig. 3 (b) , the same TB bands are plotted in the folded Brillouin zone, together with the DFT bands of the doped supercell. Comparing the TB1 undoped and TB2 undoped model parameters for the parent compound (Tables I and II of Appendix B), we observe that the TB2 undoped model has several features that can be considered an advantage in terms of the physics that the model implies; this model includes only four hopping integrals between the CuO 2 layers, t 00z , t 11z , t 21z and t 33z , ( Table II second row).
whose relevance can be justified either by the close proximity of the two Cu atoms (t 00z ) or by the presence of a Ca atom along the Cu-Cu connection mediating electron hopping (t 11z , t 21z and t 33z ). In the TB1 undoped model, on the other hand, the mechanism of some of its six inter-layer interactions is not as clear. Furthermore, one would rather expect the contribution of interacting far Cu neighbors within a CuO 2 layer to be more important as considered in the TB2 undoped model.
In the next section, we will discuss the results of the derivation of the TB Hamiltonian for the O-doped Bi 2 Sr 2 CaCu 2 O 8+δ supercell, obtained when either the parameter set in TB1 undoped (Table I) or TB2 undoped (Table II) are used as initial values for mapping the supercell DFT bands.
B. O-doped supercell
In order to describe the DFT Cu 3d x 2 −y 2 bands of the doped supercell [ Fig. 1 (c) ] within a TB model, one has to construct a Hamiltonian similar to Eq. (B1), which will be now represented by a 16×16 matrix, according to the number of Cu atoms in the supercell (8 atoms in each CuO 2 layer). Since the presence of the interstitial oxygen introduces inhomogeneities in the system, the number of distinct model parameters for the supercell is not defined by simply the number of parameters of the corresponding parent unit cell (which is 12 and 13 for the models of Table I and Table II , respectively, plus the onsite energy µ), but increases considerably. For instance, even by taking into account the mirror plane symmetry, there are still 238 parameters in the supercell TB Hamiltonian based on the TB1 undoped ansatz. Technically, it is impossible to find a unique and unambiguous set of parameters by performing an optimization of such a huge number of parameters, especially since our aim is to capture the slight differences between the bands of the parent compound and the doped compound [see Fig. 2 (b) and Fig. 3 (b) ]. One way to proceed would be to approximate the hopping integrals that become distinct in the supercell due to the inhomogeneity introduced by the dopant by their average values. In this "averaged" homogeneous TB model for the supercell, there would be as many parameters as in the corresponding model for the parent compound, and their optimization would be simple; an example is given in Table II (TB2 hom. doped row). With such an approach, however, the most interesting physics concerning local effects due to the dopant is left out.
The exact knowledge of how the Cu on-site energies and the most relevant Cu-Cu hopping integrals t 100 and t 110 are modified near the dopant is very important for understanding the dopant-induced effects on the local spin superexchange coupling [16] [17] [18] , which is related to the size of the local superconducting gap in cuprates 5 . Therefore, in order to be able to study the local variations in the model parameters, we propose the following approximate treatment of the problem. We assume that the onsite energies and hopping integrals most affected by the dopant are those that are nearest to the dopant, and we concentrate on the largest TB model parameters, such as µ, t 100 and t 110 . Then, the supercell TB Hamiltonian is optimized by adjusting the selected parameters, while for the rest, i.e., the effective far Cu neighbor interactions, their initial values are preserved. An illustration of the procedure in the case of the TB1 undoped model is shown in Fig. 4 and is worked out in detail in Appendix C. It turns out that this approach gives sensible results when the TB supercell model is built upon the TB1 undoped model (Table I ) and gives counterintuitive results when the TB2 undoped model for the parent compound (Table II) is used. In Fig. 2 (c) we show the good agreement between the energy spectrum of this TB1 loc. doped Hamiltonian with the DFT bands of Bi 2 Sr 2 CaCu 2 O 8+δ . To conclude this section, we present the homogeneous TB model for the doped supercell TB2 hom. doped based on the TB2 undoped model (see Table II and Fig. 3 (c) ). Even though the homogeneous model does not reflect the local dopant-induced effects, it can still be useful as it provides the information on how the model parameters change on average. For instance, it is interesting to observe that the average ratio t 110 /t 100 increases in the doped supercell compared to that in the parent compound (from 0.2097 to 0.2249); this might suggest a possible increase of the superconducting transition temperature upon doping, in analogy with the observation within the cuprate family, that the materials characterized by a larger t 110 /t 100 ratio have higher transition temperatures 19 . Unlike the situation with the mapping approach previously discussed, which aimed at capturing local physics, the parameters of the homogeneous Hamiltonian demonstrate the same behavior upon doping regardless of the parent compound TB model (TB1 undoped and TB2 undoped ) chosen as a starting point for mapping the doped supercell electronic structure.
IV. SPIN FLUCTUATION PAIRING
A.
Spin susceptibility
In the following we calculate the magnetic spin susceptibilities for the TB models obtained previously, namely, (i) the TB1 undoped (Table I) , (ii) the TB2 undoped (Table II first row), (iii) the inhomogeneous doped supercell model TB1 loc. doped (Fig. 4) and (iv) the homogeneous doped supercell model TB2 hom. doped (Table II sec 
(1)
In this expression, indices s, p, q and t refer to the N Cu atoms in the unit cell and run from 1 to N while indices µ and ν distinguish the N eigenvalues E(k) of the diagonalized TB Hamiltonian. The matrix elements a s µ (k) are the components of the eigenvectors of the TB Hamiltonian. The integration over the Brillouin zone has been replaced by a sum over a sufficiently large number N k of k-points. f (E) is the Fermi-Dirac distribution function. In the following, we will focus on the static non-interacting spin susceptibility χ S (q),
and examine its behavior in the four cases of interest along the main symmetry directions in the Brillouin zone. The static spin susceptibilities χ S (q) of the parent compound calculated with the TB1 undoped model of Table I (bold black line) and with the TB2 undoped model of Table II (bold dashed line) are plotted in Fig. 5 (a) . 
FIG. 5:
The static spin susceptibility of (a) the two parent compound TB models TB1 undoped and TB2 undoped and the homogeneous doped supercell model TB2 hom. doped , plotted in the full Brillouin zone, and (b) the two parent compound TB models TB1 undoped and TB2 undoped and the inhomogeneous TB1 loc. doped and homogeneous TB2 hom. doped doped supercell models, plotted in the folded Brillouin zone.
The two susceptibilities show similar features with double peaks along (0, 0, 0) − (π, 0, 0) and (π, π, 0) − (0, 0, 0) directions and a broad plateau at (π, π, 0). These similarities can be understood in terms of the fact that most important parameters in the two TB models (t 100 , t 110 , etc.) have close values. In this respect, it is not surprising that the spin susceptibility calculated with the averaged TB parameters of the homogeneous Hamiltonian TB2 hom. doped for Bi 2 Sr 2 CaCu 2 O 8+δ (thin dashed line in Fig. 5 (a) ) qualitatively reproduces the same behavior as the TB models for the parent compound. We next calculate the spin susceptibility with the inhomogeneous TB Hamiltonian for the doped Bi 2 Sr 2 CaCu 2 O 8+δ supercell TB1 loc. doped . Of course in this case the spin susceptibility must be calculated with the full supercell (16 × 16) Hamiltonian matrix and accordingly is defined in the folded Brillouin zone. Fig. 5 (b) shows the spin susceptibility calculated with the inhomogeneous TB1 loc. doped model (thin black line) and, for comparison, the two parent compound susceptibilities replotted in the folded Brillouin zone (as in Fig. 5 (a) , bold black and bold dashed lines). Within the inhomogeneous model, a pronounced peak in the spin susceptibility evolves at (π, 0, 0) upon doping whereas in both parent compound susceptibilities this region is featured by a shallow minimum in between two asymmetrical peaks located at some distance from (π, 0, 0). A peak in the spin susceptibility of a non-interacting system can transform into a divergence indicating magnetic instabilities and possible ordering, when the interparticle interactions are switched on. (π, 0, 0) corresponds to a commensurate antiferromagnetic striped order with period 2 √ 2a, with stripes along the (110) direction of the parent compound unit cell.
B. Superconducting gap function
We consider now the models TB1 undoped and TB1 loc. doped in order to analyze the superconducting properties of the undoped and doped Bi 2 Sr 2 CaCu 2 O 8+δ , respectively. We calculate the pairing vertex by assuming that superconductivity in the high-T c cuprates is driven by the exchange of spin and charge fluctuations 21 . The many-body effects of the Coulomb interaction are here treated within the random phase approximation (RPA).
In order to calculate the pairing vertex, the RPA charge and spin susceptibilities, χ 
For a single-band model, only the diagonal U c and U s matrices' components are non-zero:
where U is the strength of the on-site intra-band Coulomb repulsion between electrons. The singlet pairing vertex is then given by
The scattering of a Cooper pair from the state (k, −k) to the state (k , −k ) on the Fermi surface is determined by the projected interaction vertex
where indices ν and ν refer to the eigenvectors of the TB Hamiltonian with the corresponding energy eigenvalues close to the Fermi level. As the strength of the pairing interaction is defined by a frequency integral of the imaginary part of Γ(k, k , ω) weighted by ω −1 , it is sufficient to consider the real part of Γ(k, k , ω = 0) according to the Kramers-Kronig relation:
If the superconducting gap is decomposed into an amplitude ∆ and a normalized gap function g(k), the latter can be evaluated from the following eigenvalue equation
Here, (10) is the symmetric part of the full interaction and
is the Fermi velocity at point k on the Fermi surface. The largest eigenvalue λ of Eq. (9) determines the superconducting transition temperature and its corresponding eigenfunction g(k) has the symmetry of the gap. We have solved the eigenvalue problem (9) for the undoped and doped Bi 2 Sr 2 CaCu 2 O 8+δ models in the folded Brillouin zone of the supercell. The folded Brillouin zone has been considered in both cases in order to ensure that the eigenvalue equations are constructed under the same conditions, which is important when the resulting pairing strengths are compared. The calculations have been performed for the temperature T = 0.01 eV and we considered Coulomb repulsion U values that range from 1.00 eV to 1.66 eV. Note that these values represent renormalized values of the Hubbard U appropriate for RPA treatments and are smaller than bare U 's 22 . We find that the doped Bi 2 Sr 2 CaCu 2 O 8+δ model is characterized by a larger value of the pairing strength λ compared to that of the undoped model. The pairing strengths for the two models are presented in Fig. 6 (a) as a function of U . Below U ∼ 1.5 eV the two λ values are almost equal, but at larger U values the pairing strength for the doped model grows faster and diverges at U = 1.65 eV. Fig. 6 (b) displays the gap functions g(k) of the undoped and doped models, corresponding to the leading eigenproblem solutions λ of Fig. 6 (a) at U = 1.64 eV. The result from Eq. (9) g(k) is defined on the mesh of k-points at the Fermi surface of the folded Brillouin zone. In Fig. 6 (b) , the k-point mesh was unfolded to the Brillouin zone of the undoped compound unit cell in order to allow a comparison of the Fermi surface behavior for the two systems with experiment. One should note that in the case of the doped supercell such an unfolding is, strictly speaking, not allowed and results in a tearing of the Fermi surface. Yet, since the symmetry lowering effects caused by a dopant are small, the unfolding in this case is a reasonable approximation. In particular, the unfolded way of presenting g(k) allows us to observe that the symmetry of the undoped model g(k)
is 
V. CONCLUSIONS
A single-band TB model parametrizing the Cu 3d x 2 −y 2 bands for the high-temperature superconductor Bi 2 Sr 2 CaCu 2 O 8+δ was derived from DFT electronic structure calculations. In particular we analyzed the changes in the TB model parameters induced by the dopant oxygen atom. We found that an accurate quantitative analysis of the dopant-induced changes of the electronic structure of Bi 2 Sr 2 CaCu 2 O 8+δ requires highquality TB parametrizations. The required quality of the modelling was achieved by including effective farneighbor interactions that increased the number of TB parameters in the parent compound model up to 14. Two possible models for the parent compound were proposed and compared, one based on the nearest-neighbors interactions and the second, based on presumably physically justified hybridization paths with an emphasis on intra-layer ones. These two parent compound TB models were used for constructing the TB models for the doped supercell. The nontrivial problem of mapping the doped supercell bandstructure was treated by approximating the doped supercell TB Hamiltonian either by a homogeneous one, with averaged parameters, or by one where only certain selected parameters were adjusted to map the DFT bands. The more promising latter approach gave results consistent with physical intuition when applied to the nearest-neighbors parent compound TB model.
The static spin susceptibility calculated with the doped supercell TB1 loc. doped model possesses qualitatively new features, namely, a pronounced peak at the X = (π, 0, 0) point in the folded Brillouin zone, compared to the susceptibility of the parent compound. This change in the susceptibility was shown to lead to a significant enhancement of d-wave pairing in the same Bi 2 Sr 2 CaCu 2 O 8+δ model. Depending on the value of the interaction parameter U chosen, a modulation of the coupling constant λ of order 30% required to explain the STS phenomenology 2 is easy to obtain. While this is not a strictly local calculation, it is a strong indication that -within weak coupling theory -the local electronic structure change caused by the interstitial O dopant in Bi 2 Sr 2 CaCu 2 O 8+δ in fact enhances the pairing locally. A full local calculation of the inhomogeneous spin fluctuation pairing interaction is clearly desirable.
Other extensions of the current calculation would be useful. Since it is known that the three-band model describes the magnetic properties of cuprates better, it would be worthwhile to try to extend the approach presented in this paper by performing a parametrization of the three-band TB Hamiltonian and studying the effects of doping on this model's parameters. In this case, one expects, on the one hand, a growth of the number of model parameters due to new degrees of freedom. On the other hand, the number of effective far-neighbor interactions should decrease as many effects due to hybridization between Cu and O orbitals are now incorporated in the model itself. One could also consider other multi-band TB models by taking more Cu and O orbitals, besides the Cu 3d x 2 −y 2 , O 2p x and O 2p y orbitals, into account. The multi-band models can be very efficiently parametrized within the Slater-Koster formalism 24 ; moreover, the formalism allows direct calculation of overlap integrals in the doped compound as a function of relative atomic positions instead of parametrization by fitting. This will be a subject of further investigations.
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We would like to thank J.C. Davis, T. P. Devereaux, K. McElroy, T. Saha-Dasgupta, and Y.-Z. Zhang for useful discussions and gratefully acknowledge financial support from the Deutsche Forschungsgemeinschaft through the SFB/TRR 49 program and through TRR 80 (SG) and from the Helmholtz Association through HA216/EMMI. PJH was supported by DOE DE-FG02-05ER46236 and HPC was supported by DOE/BES DE-FG02-02ER45995. Fig. 2 (a) and (b) . The vector l = (n, m, z) is given by integers n, m; z can take values of 0 or z = 0.099 as 0.099c is the distance between two CuO2 layers. By optimizing the values of the hopping integrals t l , the eigenvalues of the Hamiltonian Eq. (B1) can be adjusted to describe the Cu 3d x 2 −y 2 bands of the parent compound. In order to obtain a description that satisfies our accuracy requirements, we had to include into the model effective hopping integrals between 12 Cu nearest neighbors as listed in Table I . We denote this tightbinding results TB1 undoped .
The in-plane nearest-neighbor hopping integral t 100 = −0.5196 eV and second nearest-neighbor hopping integral t 110 = 0.1115 eV are in agreement with the results of previous DFT calculations 12 and with the analysis of photoemission measurements of the Bi 2 Sr 2 CaCu 2 O 8 electronic structure 26 . In Fig. 2 (a) , the energy spectrum of the TB Hamiltonian is compared with the DFT bands. The agreement is overall good, except for some small deviations around the Γ point. This region is particularly difficult to reproduce since here the shape of the Cu 3d x 2 −y 2 bands is strongly influenced by the hybridizations between the Cu 3d x 2 −y 2 orbital and other energetically close Cu d and O p orbitals. Here, we present the TB model for the O-doped supercell, based upon the TB1 undoped model for the undoped single cell, whose parameters we use as initial. As adjustable parameters, we choose three hopping integrals of the t 100 type, two of the t 110 type and three of the t 200 type that connect the Cu atoms experiencing the largest displacement due to the interstitial oxygen and its neighbors (the hopping integrals of the t 100 , t 110 and t 200 types are represented by, respectively, solid, dashed and dash-dotted lines in Fig. 4) . We also allow for different on-site energies µ for the 3d x 2 −y 2 orbitals of the 8 Cu atoms in the CuO 2 layer closest to the dopant. Making use of the crystal symmetry, the number of µ parameters is reduced to six. We then assign a unique µ value to the on-site energies of the other 8 Cu atoms since we expect that they are less affected by the dopant. These seven on-site energies together with the eight hopping integrals are varied during the Hamiltonian optimization.
The optimized values of the hopping integrals are given in Fig. 4 in eV and the on-site energies are listed in the Figure caption . We denote this model TB1 loc. doped . We observe the largest on-site energy variation for the most displaced Cu (marked with an arrow in Fig. 4 ) while Cu further away from the dopant are hardly affected. The variations in the hopping integrals are also consistent. For example, t 100 increases when the two Cu atoms get closer and slightly decreases when they are pushed apart by the interstitial oxygen. The decrease is even stronger when the Cu atoms shift with respect to each other parallel to the mirror plane, what appreciably reduces the orbital overlap. We also considered the same 15 parameters (7 µ's and 8 t's) to map the DFT Cu 3d x 2 −y 2 bands with a supercell TB Hamiltonian based upon the TB2 undoped for the parent compound, Table II . While a mapping to the doped bands is almost as good as the one given by the previous model, the resulting model parameters assumed seemingly chaotic values not consistent with their expected behavior. One faces similar inconsistencies also when other trial sets of adjustable parameters are used. The failure of the TB2 undoped (Table II) in describing the dopant-induced changes in the bandstructure of Bi 2 Sr 2 CaCu 2 O 8+δ indicates that the results provided by the approach based on optimizing certain selected model parameters depend very strongly on the choice of effective far neighbor interactions that are not optimized.
